We present three transit observations of HD 189733 b obtained with the high-resolution spectrograph CARMENES at Calar Alto. A strong absorption signal is detected in the near-infrared He i triplet at 10830 Å in all three transits. During mid-transit, the mean absorption level is 0.88 ± 0.04 % measured in a ±10 km s −1 range at a net blueshift of −3.5 ± 0.4 km s −1 (10829.84-10830.57 Å). The absorption signal exhibits radial velocities of +6.5 ± 3.1 km s −1 and −12.6 ± 1.0 km s −1 during ingress and egress, respectively; all radial velocities are measured in the planetary rest frame. We show that stellar activity related pseudo-signals interfere with the planetary atmospheric absorption signal. They could contribute as much as 80% of the observed signal and might also affect the observed radial velocity signature, but pseudo-signals are very unlikely to explain the entire signal. The observed line ratio between the two unresolved and the third line of the He i triplet is 2.8 ± 0.2, which strongly deviates from the value expected for an optically thin atmospheres. When interpreted in terms of absorption in the planetary atmosphere, this favors a compact helium atmosphere with an extent of only 0.2 planetary radii and a substantial column density on the order of 4 × 10 12 cm −2 . The observed radial velocities can be understood either in terms of atmospheric circulation with equatorial superrotation or as a sign of an asymmetric atmospheric component of evaporating material. We detect no clear signature of ongoing evaporation, like pre-or post-transit absorption, which could indicate material beyond the planetary Roche lobe, or radial velocities in excess of the escape velocity. These findings do not contradict planetary evaporation, but only show that the detected helium absorption in HD 189733 b does not trace the atmospheric layers that show pronounced escape signatures.
Introduction
The atmospheres of close-in planets are exposed to intense highenergy irradiation by their host stars. Stellar extreme-UV and Xray photons deposit large amounts of energy high up in the planetary atmosphere, capable of powering planetary evaporation with supersonic wind speeds of around 10 km s −1 (e.g., Lammer et al. 2003; Watson et al. 1981; Salz et al. 2016) . Such radiationinduced planetary mass loss may be strong enough to completely A&A proofs: manuscript no. hd189_he10830 examples are the planets HD 209458 b, HD 189733 b, WASP-12 b, and GJ 436 b (Vidal-Madjar et al. 2003 Ehrenreich et al. 2008; Ben-Jaffel & Sona Hosseini 2010; Linsky et al. 2010; Ballester & Ben-Jaffel 2015; Lecavelier des Etangs et al. 2010 Ben-Jaffel & Ballester 2013; Fossati et al. 2010; Haswell et al. 2012; Kulow et al. 2014; Ehrenreich et al. 2015; Lavie et al. 2017) . Lyα observations can only be obtained using space-borne instrumentation and, more importantly, interstellar material absorbs the Lyα line core even for the nearest stars. This absorption suppresses any signal at velocities of around 10 km s −1 , which is the characteristic speed of supersonic evaporation close to the planet. Therefore, alternative diagnostics for planetary winds are highly desirable. Seager & Sasselov (2000) were the first to emphasize the potential of the He i λ10830 Å triplet lines to study upper atmospheric layers, which are the launching region of the planetary wind. The triplet is composed of two closely spaced lines with central wavelengths 1 of 10830.33 and 10830.25 Å and a third weaker line at 10829.09 Å. These lines are accessible from the ground and are not affected by interstellar absorption. For example, along one line of sight, Indriolo et al. (2009) derived an upper limit of 3.2 × 10 9 cm −2 for the interstellar He i triplet state column density, which is two to three orders of magnitude lower than the column densities derived in the following. Recently, Oklopčić & Hirata (2018) used 1D models of the escaping atmospheres of GJ 436 b and HD 209458 b, including all sources and sinks of the triplet ground state, and showed that planetary absorption in the He i λ10830 Å lines could reach several percent.
Absorption in the He i triplet lines in the stellar atmosphere is related to stellar activity features (e.g., Zarro & Zirin 1986; Sanz-Forcada & Dupree 2008) , which can cause serious complications for exoplanet transit observations. In the solar context, the lines have been studied in detail by Avrett et al. (1994) and Mauas et al. (2005) . The Sun shows a highly inhomogeneous surface distribution of He i λ10830 Å absorption (see Fig. 1 of Andretta et al. 2017) , with absorption practically restricted to active regions (Avrett et al. 1994) . Accordingly, the disk-integrated absorption reveals 10% rotational variation and 30% variation over activity cycles (Harvey & Livingston 1994) .
While a search with the VLT/ISAAC instrument for atmospheric He i λ10830 Å absorption of the hot Jupiter orbiting the inactive host star HD 209458 resulted in an upper limit of 0.5% in a 3 Å wide window (Moutou et al. 2003) , the signal has now been detected in WASP-107 b with Wide Field Camera 3 on board the Hubble Space Telescope. Here, 0.05% excess absorption was observed over a 98 Å wide window (Spake et al. 2018 ). In Nortmann et al. (2018) , we report 3.6 ± 0.2 % He i absorption observed during the transit of WASP-69 b at high spectral resolution with the CARMENES spectrograph. Here, we present the detection and analysis of He i absorption in the HD 189733 system.
The HD 189733 exoplanetary system
The hot Jupiter HD 189733 b is among the best-studied planets to date. The 1.16 M jup mass planet orbits an active K dwarf with a period of 2.2 days (Bouchy et al. 2005 ); see Table 1 for details. Its atmospheric transmission is likely dominated by Rayleigh scattering in the wavelength range from 3000 to 10 000 Å (Pont et al. , 2013 Lecavelier Des Etangs et al. 2008; Sing et al. 2009 Sing et al. , 2011 Sing et al. , 2016 Gibson et al. 2012) . However, the contribu- 1 We use air wavelengths throughout the manuscript. tion of unocculted stellar spots to the alleged Rayleigh scattering slope remains uncertain (McCullough et al. 2014) . In lower atmospheric layers, absorption of carbon monoxide Rodler et al. 2013; Brogi et al. 2016 ) and water (Birkby et al. 2013; McCullough et al. 2014; Brogi et al. 2018 ) has been detected. Measurements of sodium absorption were used to reconstruct the atmospheric temperature-pressure profile up to the lower thermosphere (Redfield et al. 2008; Huitson et al. 2012; Wyttenbach et al. 2015; Louden & Wheatley 2015; Khalafinejad et al. 2017) . A reported detection of planetary Hα absorption by Jensen et al. (2012) remains difficult to interpret due to the confounding spectral effects of stellar variability (Barnes et al. 2016; Cauley et al. 2017) .
HD 189733 is an active star with strong emission cores in the Ca ii H&K lines, resulting in a high value of 0.508 for the Mount Wilson S-index (Baliunas et al. 1995; Knutson et al. 2010) . The star shows frequent flaring at optical and X-ray wavelengths (Pillitteri et al. 2014; Klocová et al. 2017 ) and an overall X-ray luminosity of ≈ 2 × 10 28 erg s −1 (Hünsch et al. 1999) , which places it in the top decile of the X-ray luminosity distribution function (Schmitt et al. 1995) . Sanz-Forcada et al. (2011) reconstructed an extreme UV luminosity of 3 × 10 28 erg s −1 , which implies substantial high-energy irradiation levels on HD 189733 b that ought to trigger an evaporative wind in the upper planetary atmosphere (Salz et al. 2016) . The escape of this upper atmosphere has been detected through hydrogen Lyα and oxygen absorption (Lecavelier des Etangs et al. 2010 Etangs et al. , 2012 BenJaffel & Ballester 2013) , and Poppenhaeger et al. (2013) proposed a tentative 6 − 8% deep X-ray transit. These findings make HD 189733 b a promising candidate to search for He i λ10830 Å absorption. Notes.
(a) Number of spectra neglected at the beginning and end of the night in parentheses. (b) One divided by the nightly average standard deviation of the residual spectra in the continuum surrounding the He i λ10830 Å lines.
Observations and data analysis
We analyzed three spectral transit time series 2 of HD 189733 taken on 8 Aug 2016, 17 Sept 2016, and 7 Sept 2017, in the following referred to as night 1, 2, and 3. The observations were taken with the CARMENES spectrograph, mounted at the 3.5 m telescope at the Calar Alto Observatory; see Quirrenbach et al. (2016) for a detailed description. The CARMENES spectrographs simultaneously cover the visual and near-infrared (NIR) ranges (5500 − 9600 Å and 9600 − 17 200 Å) with a nominal resolution of 94 600 and 80 400, respectively, and a sampling of 2.3 pixel per resolution element around the He i triplet. The two independent channels are housed in vacuum tanks to optimize radial velocity precision. The NIR spectrograph is fed by two fibers. In our configuration, fiber A carried the light from the target and fiber B was used to obtain simultaneous sky spectra. The data reduction was carried out with the pipeline (CARACAL v2.10, Caballero et al. 2016) .
The exposure time of our spectra was 198 s throughout the campaign. Further details on the observations and the observing conditions are provided in Table 2 and Fig. 1 . The airmass was mostly below 1.5 and the typical seeing was better than 1 . During night 3 the column of water vapor was higher, but this night offered the best seeing conditions and resulted in the highest signal-to-noise ratio (S/N) per spectrum. The S/N during the first two nights may have been affected by stability issues with the NIR channel, which is evident in the NIR radial velocity measurements (see Appendix C).
Scrutinizing the spectral time series, we identified a total of four spectral regions that exhibited excessive spectral variations in all three nights. These spectral anomalies were likely caused by bad detector pixels and were, therefore, discarded in our analysis. Fortunately, none of the affected regions overlapped with the He i lines (shaded regions in Fig. 2 ).
Telluric correction
Although the line cores of the He i λ10830 Å lines are not blended with telluric lines, the spectral region is contaminated with water vapor absorption originating from the Earth's atmosphere. We used the molecfit software in version 1.2.0 Kausch et al. 2015) to remove the telluric contribution from each individual CARMENES spectrum. A nightly mid-latitude (45 • ) reference model atmosphere 3 and the Global Data Assimilation System (GDAS) profiles for the location of the Calar Alto Observatory were used to create atmospheric temperature-pressure profiles for the three nights, which are required for the line-by-line radiative transfer in molecfit. Fig. 1 . Airmass, seeing, and column of precipitable water vapor during the observations. Unresolved seeing is indicated by triangles. The error bars for the water column, which was derived in the telluric correction, are smaller than the marker size. abundances, taken from the reference atmosphere, and fitted the precipitable water vapor.
As reported by Allart et al. (2017) , the choice of the optimization ranges is crucial to derive precise transmission models with molecfit. We selected nine 50-100 Å broad wavelength intervals evenly distributed over the CARMENES NIR channel, taking full advantage of the large amount of telluric lines contained in this spectral region. These intervals exhibit few stellar lines, a well determined continuum level, and comprise various deep but unsaturated telluric absorption lines. Stellar features were identified and masked using a high-resolution synthetic stellar spectrum (PHOENIX, Husser et al. 2013 ) with T eff = 4700 K, log g = 4.5 dex, and solar metallicity. In addition, we excluded wavelength ranges with sky emission features. The instrumental line spread function was determined using hollow cathode lamp spectra. Based on the best-fit parameters derived by molecfit, we finally generated a transmission model for the entire wavelength range of CARMENES and corrected each science spectrum.
Telluric emission lines were removed using the sky spectrum from fiber B. We fitted and subtracted the continuum in the sky spectra and subtracted the remaining emission line spectrum from the science spectrum. The comparison of Figs. 2 and A.2 shows that the strongest emission line in the red wing of the He i triplet at 10830.91 Å was successfully removed to within the noise level. At any rate, this line can only affect the egress phase, where its position partially overlaps with the He i λ10830 Å lines. Two further telluric emission lines at 10829.01 Å and 10828.73 Å are located such that they could affect the analysis of the weaker triplet component at 10829 Å. However, these lines are a factor of 11 weaker than the line at 10830.91 Å. As we found no significant differences in our results when correcting or masking them, we consider these lines irrelevant.
Continuum normalization and stellar rest frame alignment
The continuum was normalized with a third-order polynomial and the spectra were shifted into the stellar rest frame by correcting for a systematic radial velocity of −2.361 km s −1 (Bouchy et al. 2005 ), Earth's barycentric velocity, and the stellar orbital motion. The barycentric velocity correction was computed using the helcorr routine 4 , and mid-exposure time stamps were converted into Barycentric Julian Dates (BJD) in Barycentric Dynamic Time (TDB) using the Astropy time package (Astropy Collaboration et al. 2013) .
For each night, the spectral alignment was controlled using the seven strongest and isolated stellar lines in the vicinity of the He i triplet (see Bouchy et al. (2005) , which was corrected. During night 2, the instrument showed an apparent drift of ≈ 200 m s −1 . This drift was modeled for the out-of-transit phases with a second-order polynomial, which was then used to correct the alignment of all spectra during this night. Radial velocity drifts or offsets can occur because our observations were not obtained with a setup optimized for radial velocity measurements, i.e., the instrumental radial velocity drift was not monitored through the Fabry Perot in the calibration fiber. In the end, we found all seven stellar lines within ≈ 200 m s −1 of their nominal central wavelengths and interpolated all spectra onto a common wavelength grid.
Residual spectra
For each night, we combined the out-of-transit spectra to construct a master reference spectrum, discarding the first and last few spectra during each night for technical reasons (see Table 2 ). All spectra were then divided by this master out-of-transit spectrum to obtain a time series of residual spectra (see Fig. 2 ). In all three observed transits, a pronounced absorption feature attributable to the He i λ10830 Å lines is detected. These results are independent of our telluric emission correction (see Fig. A .2). The highest S/N was reached on night 3, during which the radial velocity of the absorption signals clearly shifts along with the orbital radial velocity of the planet in the mid-transit phase. This indicates that the absorption is indeed associated with the hot Jupiter. The association is less clear on the first two nights. This is could be caused by the reduced instrumental stability and S/N (see Appendix C), but could also be related to stellar pseudo- Figure 2 exhibits a weaker feature associated with the Si i line at 10827.1 Å that exhibits a radial velocity of only about 100 m s −1 in the stellar rest frame. This feature can be nicely described by center-tolimb variations in combination with the RME in the stellar line (Czesla et al. 2015) . There is also a slight activity trend in this line that correlates with the trend seen in the Ca ii infrared triplet lines.
Using the ephemeris of Baluev et al. (2015) , we shifted the residual spectra into the planetary rest frame and computed nightly means for the ingress, mid-transit, and egress phases. Observations that start after the first contact and have a midexposure time before the second contact were included in the ingress phase. An equivalent procedure was used for the egress phase. In total, we have 10 spectra during the ingress, 34 during mid-transit, and 13 during the egress phases. Because of the different data quality, the three nightly means were combined weighting them by the inverse variance in the surrounding continuum. The obtained mean transmission spectra are displayed in Fig. 3 , and the nightly residual spectra and their variation with respect to the mean transmission spectrum are shown in Fig. A.3. 
Bootstrap analysis of the absorption depth
For each phase, the mean absorption depth was calculated in a ±10 km s −1 window centered on the shifted signal position deter- mined by our model fitting in Sect. 4.2: +6.5 km s −1 for ingress, −3.5 km s −1 for mid-transit, and −12.6 km s −1 for egress. Errors were determined by a bootstrap method. On average, we randomly drew half of the spectra from each phase, computed the mean absorption spectrum, and determined the average absorption level. This was performed 1000 times and the resulting histograms are shown in Fig. 4 . We find average absorption levels of 0.24 ± 0.12 % for the ingress phase, 0.88 ± 0.04 % for the mid-transit phase, and 0.46 ± 0.06 % for the egress phase. We also randomly drew half of the out-of-transit residual spectra, averaged in the center of the two strong helium lines at 10830 Å in the stellar rest frame, and find zero absorption in this control sample.
The ingress signal is formally only a 2σ result and exhibits the largest scatter of the three transit phases. This cannot be caused by residual telluric contamination since the ingress signal does not overlap with any telluric emission or absorption line.
In the line core of the strong He i triplet component, the absorption depth reaches its maximum of 1.04 ± 0.09%, using the standard deviation of the surrounding continuum as error estimate. If this absorption feature is caused by the planet, its atmosphere must exhibit a radial extent of at least 0.2 R p . The absorption signal has a total equivalent width of 12.7 ± 0.6 mÅ and we further derive a ratio of the He i λ10830 Å to λ10829 Å triplet components of 2.8 ± 0.2 by fitting Gaussians with free relative strengths. Here the errors are propagated from the bootstrap analysis.
To investigate nightly variability in the absorption depth, we repeated the bootstrap analysis for the mid-transit signals of the individual nights averaging over the full signal (−70 to +30 km s −1 ). We measure absorption levels of 0.41 ± 0.04 %, 0.39 ± 0.04 %, and 0.35 ± 0.04 % for nights 1, 2, and 3 respectively. While the nightly mean transmission spectra suggest some variation at different epochs (see Fig. A. 3), they do not exceed the rednoise level.
Temporal evolution of the He i signal
We computed light curves of the He i signal by averaging over a broad velocity range from −20 to +15 km s range covers the observed velocity shifts at ingress and egress. The light curves are depicted in Fig. 5 . A light curve centered on the weak triplet component is provided in Fig. A.3 . We detect no significant inter-night variations. While some apparent in-transit outliers could be associated with spot crossing events, we consider the evidence immaterial. A mean light curve was constructed by binning the three phased light curves with a temporal resolution of 10 min. The nightly weights were maintained in this procedure. Errors are obtained from the variation in the out-of-transit phase. The resulting time series is nearly symmetric with respect to the transit center. Some pre-transit absorption may be present, but the evidence remains inconclusive; we find no evidence for post-transit absorption.
Discussion
Our data show a clear in-transit signal in the He i triplet lines, consistently present in all three spectral transit time series. However, this signal is not necessarily caused only through absorption in a planetary atmosphere because the transit of the opaque planetary disk across an inhomogeneous stellar surface can produce pseudo-absorption and pseudo-emission signals. As a first step toward a better understanding of the presented signal, we study the two extreme cases: a heterogeneous stellar surface and no planetary He i absorption, and only planetary absorption.
Impact of a spotted stellar surface
Even without atmosphere, the transit of the planetary disk over stellar surface regions with below-average He i absorption (bright stellar surface patches) produces an apparent absorption signal in the residual spectra (pseudo-absorption). Similarly, pseudo-emission is produced when the planet traverses dark stellar surface regions with strong stellar He i absorption.
The impact of these pseudo-signals can be investigated considering the limiting scenarios. When the planet transits stellar surface patches completely lacking the He i absorption line, the maximum amount of pseudo-absorption is observed. While the amplitude of this signal only depends on the average stellar He i λ10830 Å spectrum and the optical transit depth, it is necessary to specify the stellar He i spectrum in the eclipsed section of the disk to compute the expected pseudo-emission signal. To that end, we applied a two-component disk model, consisting only of regions that are either entirely free of absorption or show strong He i absorption.
Filling factor of dark He i patches
An approximation of the filling factor of dark He i patches can be determined through the equivalent width (EW) ratio of the He i λ10830 Å lines and the optical He i λ5876 Å line (Andretta et al. 2017) . To measure these lines, we combined all out-of-transit spectra from all nights to obtain a master spectrum. The helium He i λ10830 Å lines are located in the wing of the Si i line at 10827.091 Å (see Fig 6) . As noted by Andretta et al. (2017) , this line is poorly reproduced with a single Voigt profile, so we fitted the line with two superposed Voigt profiles with the same central wavelength. The He i λ10830 Å lines were fitted with Gaussians with fixed relative wavelength but free relative strengths. The Si i line is found within the stellar rest frame velocity to an accuracy of 140 m s −1 , but for the He i λ10830 Å lines we find a redshift of 0.94 km s −1 . The main component has an equivalent width of 323 mÅ and the minor component of 52 mÅ, resulting in an EW ratio of 6.2. For the optical He i λ5876 Å line, we also fitted a Gaussian profile and derived an equivalent width of 21.5 mÅ along with a redshift of 1.3 km s −1 . In the fit, we neglected some minor line blends identified by Andretta et al. (2017) . The resulting radial velocity shift is similar in the optical and infrared helium lines.
According to the EWs of the helium lines, HD 189733 is located above the theoretical curve for a helium spot filling factor of 100% adopted by (Andretta et al. 2017 , see their Fig. 10 ), which can likely be attributed to insufficient stellar atmosphere models. Among the stellar sample studied by Andretta et al. (2017) , Eri shows properties comparable to HD 189733. In particular, this active K dwarf shows values of 258 mÅ and 51 mÅ for the EWs of the stellar infrared triplet components and 18.1 mÅ for the optical line along with an X-ray luminosity of 2.1 × 10 28 erg s −1 . For Eri, Andretta et al. (2017) derived a minimum filling factor of 59% for dark He i patches. By analogy, we adopt a high helium spot filling factor of 75% for our pseudo-signal analysis in HD 189733. Such a large filling factor is also consistent with other aspects of our data, viz, the absence of both significant inter-transit variability in the stellar He i line and detectable spot crossing events in our data (Sects. 3.4 and 3.5).
We reconstructed the average stellar spectrum shown in the top panel of Fig. 2 by assuming that the complete stellar He i λ10830 Å absorption EW is produced by 75% dark patches on the stellar surface. For the remaining 25% of bright regions we assumed negligible He i absorption. This procedure provides estimates for the spectra of bright and dark patches on the stellar surface.
Quantifying the pseudo-signal
To compute model spectral time series, we adopted a discretized stellar surface, rigidly rotating with a projected rotation velocity, v sin i, of 3.5 km s −1 . In the planetary rest frame, the stellar surface is Doppler shifted, most pronouncedly during ingress and egress. The amount of this shift depends on the relative motion of the star and the planet and the motion of the rotating stellar surface elements. We used the two-component stellar surface Wavelength ( model to calculate spectral time series with the planet occulting only He i dark or bright patches. The occulted spectrum was removed from the in-transit spectrum and division by the outof-transit spectrum provided the model residual spectra, which were averaged for the ingress, mid-transit, and egress phases to obtain estimates for the pseudo-signals.
The resulting pseudo-signals are shown in Fig. 7 . The pseudo-absorption signal is on a par in strength with the observed signal at all phases, but several features of the observations are not reproduced: (i) the model predicts too little absorption during mid-transit, 10.6 mÅ compared to the observed 12.7 ± 0.6 mÅ; (ii) the line ratio of the pseudo absorption reflects that of the host star of 6.2, which is inconsistent with the observed value of 2.8 ± 0.2; (iii) the pseudo-absorption line is redshifted by 4.5 km s −1 with respect to the observations at midtransit; (iv) the model predicts symmetric red-and blueshifted absorption at ingress and egress, which is not observed. Furthermore, such strong pseudo-absorption signals need a very special geometric configuration as the planet traverses about 10% of the stellar disk during the mid-transit phase and these signals would have to cover only bright stellar surface patches that also cover only 25% of the stellar disk. Moreover, this configuration would have to be very similar for all three transits, which were observed more than one year apart.
These shortcomings make it unlikely that the observed transit signals are exclusively pseudo-signals. However, the observed radial velocities of the absorption line during ingress and egress, place the planetary signal close to the stellar rest frame, which hinders a clear distinction between planetary absorption and stellar pseudo-signals. At any rate, an active star can produce strong features in the residual He i spectra with an amplitude anywhere between the limiting cases presented in Fig. 7 . The transit over dark patches creates pseudo-emission (orange solid lines), and a transit over bright patches creates a pseudo-absorption signal (blue dashed lines). Between the two extremes is the possible range of pseudo-signal contribution to the observed signal (green shaded areas). The gray dotted line indicates the impact of the RME neglecting stellar surface inhomogeneity.
A special case of the above assumptions that is very likely to interfere with the planetary signal are center-to-limb variations in the stellar He i λ10830 Å lines. The Sun shows limbdarkening in the He i λ10830 Å lines, i.e., the chromospheric He i absorption profile is deeper at the solar rim than in the center of the disk (de Jager et al. 1966 ). This modulation produces phase-dependent pseudo-signals. If the He i λ10830 Å lines of HD 189733 behave as those of much less active Sun, we would expect pseudo-emission signals during ingress and egress, and a pseudo-absorption signal during the mid-transit phase. Such a stellar contribution to the supposed planetary absorption signal would place the radial velocity of the absorption signal between the planetary and stellar rest frames during the mid-transit phase. This may have contributed to deflections from the planetary rest frame that are suggested in Fig. 2 , but since they only affected the first two nights, where the instrumental stability was suboptimal, we refrain from further interpretations.
In this context, we also investigated the impact of the RME in the He i λ10830 Å lines. Assuming that the He i lines are homogeneous on the stellar disk, the RME causes signals with an amplitude of less than 0.07% in the residual spectra (see Fig. 7 ). The effect is negligible during the mid-transit phase and it is smaller than the possible impact of center-to-limb variations during the ingress and egress phases. Therefore, we do not include the RME in the following analysis.
Transmission spectrum modeling
We now assume the other extreme, namely a homogeneous stellar He i disk that causes no pseudo-signals. Neglecting the structure of the planetary atmosphere as well, we modeled the wavelength-dependent transmission, T (λ), with a single absorption component:
Here, f denotes the fraction of the stellar disk covered by the He i cloud, N * He i the column density of excited helium, and σ(λ) the wavelength-dependent absorption cross section, which we parameterized by three Gaussians with their central wavelengths and oscillator strengths fixed to the known values from atomic physics (see National Institute of Standards and Technology, NIST; Drake 2006). The free parameters in our model are therefore the covering fraction, the He i column density in the triplet state, and a common velocity shift and line width.
Since the covering fraction and the column density are highly correlated, we adopted two opposing extreme values of f = 1.1% and 20% in our analysis. Assuming that the material is distributed in an annulus surrounding the opaque planet body, the covering fractions correspond to an atmosphere extending to 1.2 and 3.0 R p 5 The former represents the minimum atmospheric extent that can produce the observed 1% absorption signal and the latter is the effective Roche lobe radius of HD 189733 b (Eq. 2 of Eggleton 1983 ). In the following we refer to them as the compact and the extended assumption. For the ingress and egress phases, we derive the average covering fraction for an atmospheric ring at the exact observing times. To that end, we use analytic light curve models (Mandel & Agol 2002) and subtract the solid body light curve from that with an opaque atmosphere with the given expansion.
Adopting uniform priors for all parameters, we explored the posterior probability distributions with the Markov chain Monte Carlo technique 6 (MCMC). The chains were run over 10 5 steps with a burn-in of 10 4 steps. Our results for the ingress, midtransit, and egress phase are summarized in Table 3 . There we also provide χ 2 values and p-values for the null hypothesis that the maximum likelihood solution is true. Our maximum likelihood models are shown in Fig. 3 .
From our spectral modeling, we find average radial velocities of 6.5 ± 3.1 km s −1 for ingress, −3.5 ± 0.4 km s −1 for midtransit, and −12.6 ± 1.0 km s −1 for egress, independent of the adopted atmospheric extent. We stress once more that these velocities measurements are potentially affected by stellar pseudosignals (Sect. 4.1). At mid-transit, the ratio of the He i λ10830 Å to λ10829 Å components deviates from the optically thin ratio of 8 (NIST, Drake 2006) . This can be explained by sufficiently large column densities, because saturation in the stronger component of the triplet increases the relative depth of the weaker component when the optically thin approximation breaks down. The observed ratio of 2.8 ± 0.2 corresponds to an optical depth of about 3.2 in the main component (de Jager et al. 1966) . While the signal during the ingress and egress phases is equivalently reproduced using either assumptions (see Table 3 ), the compact case provides a superior approximation for the mid-transit phase. In particular, the extended assumption yields a larger than observed line ratio of 7.9 and a total equivalent width of 11.4 mÅ, whereas the compact assumption results in an equivalent width of 12.0 mÅ and a line ratio of 4.6, which better reproduces the observed He i λ10829 Å absorption. Formally, this is reflected by a decrease from 1.34 to 1.05 in the reduced χ 2 statistics (see Table 3 ) and a p-value of 0.3 for the compact assumption, which 5 The atmosphere starts at 1 R p and has a radial extent of 0.2 or 2.0 R p . 6 See the PyAstronomy wrapper for PyMC (https://github.com/ pymc-devs/pymc) provides no evidence against the null. Finally, we note that the line ratio is also not fully recovered under the compact assumption because the main component becomes too broad before the depth of the minor component is reproduced. Nevertheless, the mid-transit line ratio strongly favors a small covering fraction, which corresponds to a compact atmosphere.
While we do not fit a proper atmosphere model here, the derived He i triplet state column density is to be understood as an effective value, which can be compared to theoretical models. From the evaporation model of Oklopčić & Hirata (2018) for HD 209458 b, we derived a weighted mean absorption height of 1.6 R p with a column of about 7.9 × 10 11 cm −2 . We used N * He i R p as weights, which accounts for the increasing geometric weight of higher atmospheric layers. Although the model is for the HD 209458 system, the column density lies between the values derived for our compact and extended cases considered above, which shows that absorption in a planetary atmosphere is a viable origin of the observed signals. It is not unlikely that evaporation models like those of Oklopčić & Hirata (2018) can reproduce the mid-transit signal. Our finding that a compact atmosphere better reproduces the data than a compact atmosphere does not exclude that the atmosphere of HD 189733 b is evaporating, but could simply mean that the helium triplet state is not significantly populated in atmospheric layers above 0.2 R p .
In the end, neither of our fits is fully satisfactory, particularly in the region of the weaker triplet component at λ10829 Å. We attribute this to shortcomings of the adopted model. A more comprehensive model should consider both pseudo-signals and dedicated atmospheric transmission models.
Velocity structure and ingress-egress asymmetry
The observed absorption is about twice as strong at egress as at the ingress phase, and it exhibits velocity shifts from the planetary rest frame at all phases. If HD 189733 b was tidally locked and its atmosphere rotated as a solid body, we would expect symmetric radial velocities of the signals at ingress and egress of ± 3.5 km s −1 if the absorption arises in atmospheric layers at a height of 0.2 R p . However, the observed shifts are asymmetric and significantly exceed this value at egress. We see two plausible hypotheses explaining the observed features, viz, atmospheric circulation in a dense helium atmosphere or an additional upper, low-density, and asymmetrically expanding atmosphere.
Atmospheric circulation
Hydrodynamic models of the irradiated atmospheres of synchronized hot Jupiters predict rather complex circulation patterns. For the specific case of HD 189733 b, the atmospheric circulation model by Showman et al. (2013) , which covers a pressure range in the atmosphere from 2 to 200 × 10 −6 bar, predicts the presence of a superrotating equatorial jet, where the bulk velocity increases with height in the atmosphere. Additionally, the model shows a general day-to-night side flow across the poles in high altitude layers, which is the main cause for the predicted net blueshift of around −3 km s −1 of molecular absorption signals in transmission spectra (see Fig. 12 of Showman et al. 2013) . Molecular absorption of CO and H 2 O indicate such a net blueshift (−1.7 ± 1.2 km s −1 and −1.6
−2.7 km s −1 , respectively; Brogi et al. 2016 Brogi et al. , 2018 . These signals are sensitive to pressure levels between 0.1 and 10 −6 bar. In contrast, ground-based high-resolution transmission spectroscopy in the sodium lines extended atmosphere T 1 -T 2 9.5 0.62 ± 0.11 15.0 ± 5.0 6.4 ± 3.2 1.15 0.09 T 2 -T 3 20
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Notes. is sensitive to the lower pressure levels (< 10 −6 bar) that are reached in the lower planetary thermosphere (Pino et al. 2018) . Despite their origin in higher atmospheric layers, the sodium absorption signals of HD 189733 b indicate a net blueshift of −1.9±0.7 km s −1 during mid-transit (Louden & Wheatley 2015) . The helium absorption presented here likely probes even lower pressure levels in the planetary atmosphere. Particularly, the peak He i column density occurs at a pressure level of around 10 −9 bar in the evaporation models of Oklopčić & Hirata (2018) . Nevertheless, our mid-transit He i absorption signal also exhibits a significant blueshift of −3.5 ± 0.4 km s −1 , which is consistent with the previous results for the lower atmosphere.
At ingress and egress, the sodium signal indicates radial velocities of +2.3 +1.3 −1.5 km s −1 and −5.3
, which are believed to be caused by an equatorial superrotating jet. At ingress the absorption signal is dominated by the leading limb where superrotating material moves away from the observer, which would explain the observed redshift. At egress the situation is reversed. The amplitude of the observed bulk velocities in the sodium signal are about a factor of 2.5 smaller than our results, but they do exhibit the same red-to blueshifted asymmetry (Louden & Wheatley 2015) . While our He i ingress and egress velocities are also larger than those predicted by the circulation models of Showman et al. (2013) , the observed pressure levels are clearly beyond the modeled atmospheric range.
If the advection timescale is comparable to the de-excitation timescale of the He i triplet state, the equatorial jet transports ground level helium atoms from the night side to the leading atmospheric limb and excited helium atoms from the dayside to the trailing limb. This naturally causes stronger He i λ10830 Å absorption at egress compared to the ingress phase. If we approximate the advection timescale by dividing the observed average ingress/egress radial velocities by the planetary radius, we derive a value of 10 −4 s −1 . This is on the same order as the radiative transition rate to the ground level A 31 = 1.272 × 10 −4 s −1 (Drake 2006) . Depending on the local conditions other processes could be faster in depopulating the metastable state, but it seems reasonable that the superrotating jet can also cause strong egress absorption through advection of excited helium atoms from the dayside.
Overall, the observations are consistent with previous observations and with the models of Showman et al. (2013) if the equatorial superrotating jet continues to exhibit increasing bulk velocities in higher atmospheric layers.
Asymmetric expanding atmosphere
The observed ingress signal is significant only at the 2σ level. If we attribute the redshift of the ingress signal to rednoise or another source unrelated to the planetary atmosphere, we are left with slightly blueshifted absorption at mid-transit and a larger blueshift at egress. The mid-transit signal is consistent with being caused by dense material in a compact atmosphere as shown in Sect. 4.2, but the density of the material that dominates the egress signal is not confined by our data.
The blueshifted radial velocities could be explained by material that evaporates from the planet and is subsequently being pushed backward, perhaps as a result of the stellar wind pressure creating an asymmetrically expanding atmosphere. The mechanism would be similar to the Type I interaction studied by Matsakos et al. (2015) . In this case, the compact atmosphere that is observed during mid-transit causes only a small contribution to the observed egress signal similar to that during ingress. If the asymmetrically expanding atmosphere trails the planet, it would still cover the stellar disk at egress and dominate the observed absorption at this phase. The observed egress radial velocity would then be a measure of the bulk radial velocity of the evaporating material streaming away from the planet with velocity components pointing out of the system and in the reverse direction of orbit motion. At mid-transit the trailing material would be superposed onto that of the compact atmosphere causing the observed blueshift.
The nondetection of post-transit absorption constrains the (projected) extent of the hypothesized distribution of trailing material observed by means of He i in the triplet state. The lack of post-transit absorption could be explained by a tail structure that is nearly aligned with the star-planet axis. In fact, the 3D model of Spake et al. (2018) for WASP-107 b demonstrates that radiation pressure can create such a tail. However, we do not detect the strong blueshifts of the tail material predicted by the authors. A better explanation comes from the the spherical evaporation models of Oklopčić & Hirata (2018) . The average absorption height for HD 209458 b was 1.6 R p (Sect. 4.2), and the triplet state density quickly decreased at higher atmospheric levels. If this characteristic height also applies to an asymmetric extended atmosphere, it is consistent with our nondetection of post-transit absorption because excited helium atoms are not expected at large distances from the planet.
and an asymmetrically expanding component that streams away from the planet and slightly trails it.
Comparison to Lyα absorption
Lyα observations have revealed variable absorption during the transit of HD 189733 b at high blueshifts between −230 and −140 km s −1 (Lecavelier des Etangs et al. 2012; . Applying the same bootstrap method as in Sect. 3.4, we determine a mean absorption level of −0.017 ± 0.018 % in this range, which is consistent with no He i absorption.
In the optically thin limit, the absorption EW is proportional to the cross section , σ, times the column density
where λ is the central wavelength and f the oscillator strength.
The two blended lines of the He i λ10830 Å triplet are by a factor of 90 more strongly absorbed than the hydrogen Lyα line (NIST, Drake 2006) . The relative abundance of neutral hydrogen to that of helium in the metastable triplet state is about 10 5 in the simulations of Oklopčić & Hirata (2018) . Thus, the Lyα line traces different atmospheric layers that can be a factor 10 3 more rarefied.
We note that Bourrier & Lecavelier des Etangs (2013) interpreted the Lyα absorption signal of HD 189733 b in terms of the presence of energetic neutrals created through charge exchange of stellar wind protons with neutrals in the planetary atmosphere. Energetic neutrals comprise a different population and their density depends on parameters like the stellar wind density and velocity. Currently, we cannot assess whether charge exchange can also create substantial amounts of helium in the excited triplet state. The variability of the Lyα signal, with absorption detected in only about half of the observations , is in contrast with the stability of the helium absorption signal. This fosters the picture that the two signals arise in populations that are decoupled to a larger degree, i.e., that the Lyα absorption at large blueshifts originates from the interaction of the stellar wind with the planetary atmosphere, and that the helium absorption occurs in the thermosphere closer to the planetary body.
Conclusions
We present the detection of spectrally resolved He i absorption signals in the near-infrared during three individual transit observations of HD 189733 b with CARMENES. The mid-transit signal in the He i λ10830 Å main component has a depth of 0.88 ± 0.04 %. It exhibits a net blueshift of −3.5 ± 0.4 km s −1 , and shows no detectable variation in strength between the three transits. The ingress and egress signals show red-and blueshifts of +6.5 ± 3.1 km s −1 and −12.6 ± 1.0 km s −1 , respectively. Our analysis reveals that pseudo-signals induced by the stellar surface structure in the He i λ10830 Å lines might interfere with the atmospheric signal of the planet, but do not reproduce all features of the data. We consider it unlikely that pseudosignals can exclusively explain the transit signal. In the worstcase, we estimate that they could account for up to 80% of the detected signal strength. Additionally, pseudo-signals might also affect the measured radial velocities at all phases.
When interpreted in terms of planetary atmospheric absorption, a compact atmosphere is favored with an extent of 0.2 planetary radii, which is easily contained within the planetary Roche lobe. This is consistent with the lack of both clear pre-or posttransit absorption and He i at radial velocities exceeding the planetary escape velocity. We discuss two hypotheses to explain the observed radial velocity signature, namely, atmospheric circulation in the upper planetary atmosphere and an asymmetric extended atmosphere of evaporating material.
Atmospheric circulation with equatorial superrotation has been indicated in observations of lower atmospheric layers, which it is also predicted by models, and here we propose that it might persist throughout the higher layers responsible for the He i absorption. The superrotation hypothesis hinges on the signals and radial velocity shifts during the ingress and egress phases. While we consider the latter significant, the result for the ingress phase is more uncertain. If we attribute the observed redshift during ingress to an unrelated source, such as red-noise interference or unaccounted for stellar effects, the case for atmospheric superrotation wanes. In this case, the hypothesis of an asymmetrically evaporating atmosphere that accounts for the blueshifted egress signal becomes more attractive. Indeed, models of planetary evaporation predict such structures and Lyα observations have demonstrated the existence of material at large blueshifts exceeding −140 km s −1 . However, the lower radial velocity of the helium signal shows that we observe a different region of the planetary atmosphere.
Our analysis shows that transit spectroscopy of the He i line is a highly promising tool for the study of planetary atmospheric physics. Although, the atmosphere of HD 189733 b is almost certainly escaping from the planet, as evidenced by the Lyα observations, it remains uncertain how well the mass-loss rate can be determined from He i λ10830 Å absorption and to what degree the atmospheric absorption can be distinguished from stellar pseudo-signals. Detailed modeling is needed to investigate the physical plausibility of the two sketched interpretations, and only new observations will allow us to distinguish between them by a confirmation or rejection of the ingress signal. Figure A.1 shows the stellar lines used to correct the alignment of all spectra in the stellar rest frame. Figure A. 2 shows the residual spectra as depicted in Fig. 2 , but without the removal of telluric emission lines. In the top panel of Fig. A.3 , we display the average residual spectra during the mid-transit phase of the three individual transit observations. Finally, the bottom panel of To monitor the activity evolution of the host star, we checked the time evolution of the three Ca ii IRT lines. We averaged the residual flux in a ± 25 km s −1 range in the line cores and then averaged the three individual lines. The resulting light curves are shown in Fig. B .1 for nights 1 and 2. The visual channel failed on night 3. Night 2 shows a slight activity trend that was fit linearly and subtracted before computing the mean IRT transit light curve. The light curve has the usual shape expected from center-to-limb variation in the stellar lines (Czesla et al. 2015) . We find no indications of flaring activity, and in particular, we do not find evidence that the planet crossed unusually strong active regions during the two transit nights, which would cause larger excursions from the average light curve. This is consistent with our He i analysis. 
Appendix C: Rossiter-McLaughlin effect
We derived relative radial velocity measurements for the NIR channel of CARMENES using SERVAL (Zechmeister et al. 2018) . As described in Sect. 3.2, the instrument can exhibit nightly drifts with the configuration used. Therefore, we corrected linear trends from the radial velocity measurements. The resulting RVs are shown in Fig. C.1 . The first two nights exhibit a large scatter. These observations were taken shortly after the instrument commissioning and the NIR spectrograph appears not to be fully stabilized yet (Quirrenbach et al. 2018) .
We used only night 3 to fit the Rossiter-McLaughlin effect (RME) following the prescription of Ohta et al. (2005) . The posterior distributions were explored with an MCMC chain of 10 5 steps with a burn-in of 10 4 steps. The reference mid-transit time, period, and semimajor axis were set-up with Gaussian priors according to the values in Table. 1. These parameters were not further confined by our data. The linear limb-darkening parameter was fixed to 0.43, which is the value calculated for the J band and a HD 189733-like star by Claret & Bloemen (2011) . The inclination of the stellar rotation axis was fixed to 92
• (Cegla et al. 2016) .
The remaining free parameters were the radius ratio, the rotation velocity of the host Ω, the inclination of the orbit i, and the obliquity λ. For the obliquity and the inclination, we find λ = −1.6 ± 1.1
• and i = 85.77 ± 0.11 • , consistent with literature values (e.g., Triaud et al. 2009; Cegla et al. 2016; Casasayas-Barris et al. 2017) . With a value of 0.162 ± 0.024, the radius ratio is only weakly confined by our data and consistent with all the literature values. For the angular rotation we find Ω = 0.40 ± 0.11 rad/day, which converts to a rotation period of 15.8 ± 4.6 d. This is somewhat larger than but still consistent with the well-determined value of 11.953±0.009 (Henry & Winn 2008) .
The slight discrepancy of the stellar rotation rate could be caused by differential rotation as noted by Cegla et al. (2016) . Also, a wavelength dependence of the radius ratio (Di Gloria et al. 2015) would affect the measured stellar rotation rate. We further note that our RVs were determined with a crosscorrelation technique, while the model assumed a line centroid method. A detailed analysis of the chromatic RME including the visual channel of CARMENES is beyond the scope of this paper.
Neither the stellar rotation period nor the radius ratio have any impact on our main conclusions here. The RME confirms the ephemeris used. The large scatter of the RVs during the first two observation nights shows that the instrument was less stable, and supports our analysis procedure to put the greatest weight on the observations during night 3. 
